To advance the spontaneous hypertensive rat (SHR) model of attention deficit/hyperactivity disorder (ADHD), experiments examined the SHR in tasks recognized to assess functioning of the prefrontal cortex or dorsal striatal. Tasks included odor-delayed win-shift (nonspatial working and reference memory), win-stay (habit learning), and attentional set-shifting (attention and behavioral flexibility). In Experiment 1, the SHR strain was compared with Wistar-Kyoto (WKY) and Wistar-Kyoto Hypertensive (WKHT) strains on the first 2 tasks. In Experiment 2, oral methylphenidate (1.5 mg/kg) and vehicle (water) were evaluated on all 3 tasks in SHR and WKY strains. Results demonstrated that the SHR made significantly more errors in the odor-delayed win-shift, win-stay, and attentional set-shifting tasks compared with the WKY. Similar performances in the WKY and WKHT indicated that deficits observed in the SHR were not related solely to hypertension. Treating the SHR with methylphenidate eliminated strain differences in all 3 tasks. These findings provide evidence that the SHR is a valid model for studying ADHD-associated neurocognitive deficits. Moreover, the current behavioral approach is appropriate to assess novel medications developed to target ADHD-associated neurocognitive deficits.
Although several animal models of attention deficit/hyperactivity disorder (ADHD) exist, the spontaneous hypertensive rat (SHR) is the most accepted and frequently used animal model for ADHD (Davids, Zhang, Tarazi, & Baldessarini, 2003) . The SHR was developed in Japan by selective inbreeding of rats of the Wistar-Kyoto (WKY) strain that exhibited high systolic blood pressure (Okamoto & Aoki, 1963) . During the course of selective inbreeding, the SHR strain was noted to be more active relative to the normotensive WKY strain. More recently, the SHR strain has been shown to display core behavioral symptoms and neurocognitive impairments similar to individuals with ADHD, including hyperactivity (Sagvolden, Hendley, & Knardahl, 1992) , inattention (De Bruin, Kiliaan, De Wilde, & Broersen, 2003; Jentsch, 2005) , impulsivity (Sagvolden, Hendley, & Knardahl, 1992) , and spatial working memory deficits (De Bruin et al., 2003; Hernandez, Høifødt, & Terry, 2003; Ueno et al., 2002) . More important, methylphenidate, the most widely prescribed medication for this disorder, counters these various ADHD-like symptoms in the SHR strain (Adriani & Laviola, 2004; Aspide, Fresiello, de Filippis, Carnevale, & Sadile, 2000; Sagvolden, Metzger, et al., 1992; Ueno et al., 2003; Wultz, Sagvolden, Moser, & Moser, 1990) .
A concern associated with using the SHR strain for modeling ADHD is that the neurocognitive deficits may be secondary to hypertension (Paule et al., 2000) . This concern may be warranted for 12-month-old SHRs, whose spatial working memory partially improves following treatment with the antihypertensive drug captopril; however, 3-month-old SHRs, the age of the animals typically used in most ADHD-related preclinical studies, do not show neurocognitive improvement after captopril treatment (Wyss et al., 2003) . Several studies have supported the view that neurocognitive deficits in the SHR strain are unrelated to hypertension, as indicated by neurocognitive improvement following administration of caffeine at doses that did not alter blood pressure (Prediger, Pamplona, Fernandes, & Takahashi, 2005) or neurocognitive deficits present at a prehypertensive age (Gattu, Terry, Pauly, & Buccafusco, 1997) . Collectively, these findings suggest that neurocognitive impairments in the SHR strain are a consequence of ADHDrelated alterations in neurobiological function rather than of elevated blood pressure.
In terms of neurobiological function, adult SHRs show an upregulation of dopamine D 2 receptors in the dorsal striatum (Carey et al., 1998; Chiu, Rajakumar, Chiu, Kwan, & Mishra, 1982; Kirouac & Ganguly, 1993) , higher dopamine transporter density in the dorsal striatum (Watanabe et al., 1997) , and a reduction in dopamine release in the prefrontal cortex (Russell, de Villiers, Sagvolden, Lamm, & Taljaard, 1995) compared with adult WKY controls. Because these neurobiological differences between the SHR and WKY strains are consistent with neurobiological differences reported between individuals with and without ADHD (Cheon et al., 2003; Dougherty et al., 1999; Ernst, Zametkin, Matochik, Jons, & Cohen, 1998; Jucaite, Fernell, Halldin, Forssberg, & Farde, 2005; Krause, Dresel, Krause, Kung, & Tatsch, 2000) , the SHR strain has been suggested to be a valuable tool for developing novel medications to treat ADHD (Sagvolden, 2000) .
To advance the SHR animal model of ADHD toward medication development, alternative behavioral approaches are essential. One shortcoming of earlier studies using the SHR strain is that none has concurrently evaluated the functioning of memory systems that have been most implicated in ADHD, namely, the prefrontal cortex and the dorsal striatum (Castellanos et al., 2002; Kaya et al., 2002; Rubia et al., 1999; Schultz et al., 2005; Spinella, 2004) , while controlling for the presence of hypertension. The work reported herein has three key aspects that set it apart from earlier investigations with the SHR strain. First, we used three tests well recognized to assess functioning of the orbitofrontal cortex, the dorsal striatum, and the prelimbic prefrontal cortex, that is, the odor-delayed win-shift task (Di Pietro, Black, Green-Jordan, Eichenbaum, , the win-stay task (Kantak, GreenJordan, Valencia, Kremin, & Eichenbaum, 2001; McDonald & White, 1993; Packard, Hirsh, & White, 1989; Zhao & McDaniel, 1998) , and the attentional set-shifting task (Birrell & Brown, 2000; Floresco, Magyar, Ghods-Sharifi, Vexelman, & Tse, 2006; Ragozzino, Wilcox, Raso, & Kesner, 1999) , respectively. The first task measures nonspatial working memory and reference memory, whereas the second task measures stimulus-response habit learning, and the third task measures ability to maintain an attentional set and behavioral flexibility. Deficits in nonspatial working memory and attentional set-shifting are reported in individuals with ADHD (Martinussen, Hayden, Hogg-Johnson, & Tannock, 2005; Rhodes, Coghill, & Matthews, 2005; Seidman, Biederman, Faraone, Weber, & Ouellette, 1997) , and habit learning deficits are hypothesized to occur because of abnormalities in stimulus control and reinforcement processing in individuals with ADHD (Sagvolden, Johansen, Aase, & Russell, 2005 ). An advantage of using the radial-arm maze for these neurocognitive measures in rats is that the same apparatus can be used to examine functioning of the orbitofrontal cortex, dorsal striatum, and prelimbic prefrontal cortex memory systems, thus allowing direct comparisons across the tasks following ADHD treatment medications.
A second important feature of the current work is that the behavior of the WKY and SHR strains was compared with that of the WKHT strain. The WKHT is a Wistar-Kyoto-derived strain of rat inbred for hypertension, but not exhibiting hyperactivity (Hendley & Ohlsson, 1991) . Little is known regarding neurocognitive functioning of the WKHT strain (Sagvolden, Hendley, & Knardahl, 1992) . Including this genetic control in the current study provides the first direct test of the impact of hypertension in these ADHD-relevant learning paradigms. Third, pharmacological validation of this novel behavioral approach was implemented to ascertain whether the neurocognitive deficits obtained in the SHR strain could be prevented by methylphenidate administration at a clinically relevant dose, route, and pretreatment time. We used a 30-min pretreatment with 1.5 mg/kg oral methylphenidate, which has been shown to be within the clinically relevant dose range (Kuczenski & Segal, 2002) for enhancing spatial working memory and sustained attention performance (Arnsten & Dudley, 2005; Berridge et al., 2006) in rats.
Method

Subjects
Male rats of the SHR/Cr and WKY/Cr strains were obtained at 7 weeks of age from Charles River Laboratories (Wilmington, MA) and male rats of the WKHT/Cfd strain were obtained at 7 weeks of age from the Institut de Recherches Cliniques de Montreal (Montreal, Quebec, Canada). Rats were housed in individual clear plastic cages (24 cm ϫ 22 cm ϫ 20 cm) in a temperature-and light-controlled (21-23°C and 0800 on, 2000 off, respectively) vivarium. Rats were maintained at 85%-90% of an upwardly adjusting ad libitum body weight by restricting food to approximately 16 g per day and providing water ad libitum. Experimental sessions began at 9 weeks of age. The policies and procedures set forth in the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (1986) were followed, and the experiments complied with American Psychological Association ethical standards in the treatment of animals. Experimental protocols were approved by the Boston University Institutional Animal Care and Use Committee.
Apparatus
Learning tasks were conducted in a modular eight-arm radial maze (Model ENV-538, Med Associates, Georgia, VT). The maze consisted of a central hub with eight arms radiating outward for monitoring food-foraging behavior. A curtain and a suspended ceiling surrounding the maze were used to control exposure to extramaze visual cues. Activity in the maze was monitored remotely on a video screen connected to a ceiling-mounted video camera. An interface-coupled switch box was used for manual input of arm entries or sand cup digging. Food pellet dispensers (Model ENV 203, Med Associates, Georgia, VT) were used to automatically rebait maze arms during the win-stay task. The maze and its complete environment are described in detail in Kantak et al. (2001) .
Radial-Arm Maze Tasks
Odor-delayed win-shift task. Before the start of daily acquisition sessions, rats were given eight training trials per day for 4 days to learn to dig in an unscented sand cup for a hidden Froot Loop (Kellogg's, Battle Creek, MI) reinforcer. Daily acquisition sessions of the odor-delayed win-shift task consisted of two phases: a training phase and a test phase, with a 5-min delay separating the two. These conditions ensure selective prefrontal cortex memory system involvement . If longer delays of 30 min are used, the hippocampus is additionally required for accurate performance in delayed win-shift tasks (Floresco, Seamans, & Phillips, 1997) . Delayed win-shift tasks are thought to include a measure of working memory because they involve foraging guided by trial-unique information stored in memory during a delay (Floresco et al., 1997 ). An additional advantage of using a delayed win-shift task is that both working memory (a frontal lobe function) and reference memory (an aspect of declarative memory involving medial temporal lobe function) are measured directly (Galea et al., 2001) . Although cerebral perfusion abnormalities and differences in the pattern of brain activation during task performance have been found in both frontal and medial temporal lobe structures in individuals with ADHD compared with controls (Kim, Lee, Shin, Cho, & Lee, 2002; Mulas et al., 2006) , neurocognitive deficits associated with medial temporal lobe function have not been observed in individuals with ADHD (Barnett, Maruff, & Vance, 2005; Smith, Taylor, Brammer, Toone, & Rubia, 2006) . Thus, the odor-delayed win-shift task can monitor for ADHD-relevant and ADHD-irrelevant changes in neurocognitive function in the SHR strain.
During both phases, four arms were randomly selected and baited with a reinforcer. The reinforcer was located inside a clear plastic cup (6.5 cm diameter ϫ 6.5 cm height) containing 125 g of sand mixed with 5 g of an odor cue. The reinforcer was placed approximately 1 cm under the sand to avoid any visual cues. During the training phase, rats were placed inside the central hub of the maze and given access to four randomly selected arms (no more than two adjacent arms) containing a reinforcer-baited sand cup scented with allspice, basil, celery seed, or dill weed. The doors to the nonselected arms remained closed. The cups containing the reinforcer were placed 17 cm inside the selected arms. The training phase ended when rats dug for and retrieved all four reinforcers or after 5 min had elapsed. The four arms and cups used in the training phase were cleaned to eliminate residual rat odors before the test phase. Four arms were again randomly selected, and four different sand cups scented with paprika, thyme, cinnamon, or marjoram were baited with a reinforcer and placed in these arms. The previously used scented cups were placed in the remaining arms but did not contain a reinforcer.
During the test phase after the 5-min delay, rats were again placed in the central hub and given access to all eight arms of the maze. The test phase ended when all four reinforcers were recovered or after 5 min had elapsed. If rats dug in the sand of an unbaited cup or of one in which the reinforcer had already been retrieved, an error was recorded. Sessions were conducted Monday through Friday; arms that were reinforced during training and test phases were randomly selected each day for each phase for each rat. Learning criterion was reached when each group of rats achieved an accuracy level of 80% or greater on average (one or fewer errors) for two consecutive sessions during the test phase (Floresco et al., 1997) .
Win-stay task. Before the start of the daily acquisition sessions, rats were given four training trials per day for 3 days to reliably traverse a nonilluminated maze arm to retrieve a 45-mg chocolate-flavored food pellet (Research Diets, Inc., New Brunswick, NJ) located at the end of the arm. During daily acquisition sessions of the win-stay task, all arms were open, but only four randomly selected arms were illuminated (no more than two adjacent arms) into which a 45-mg food pellet was placed at the distal end. The well of the illuminated arm was rebaited via an automatic food pellet dispenser after rats consumed the first pellet and left the illuminated arm. When rats retrieved a second food pellet from an arm, the stimulus lights were extinguished in that arm and no further reinforcers were available in that arm. The session ended after 10 min had elapsed or all eight food pellets were retrieved. Entries into illuminated (correct choice) and dark (error) arms were recorded. Four illuminated arms were randomly selected each day for each rat. Sessions were conducted Monday through Friday. Learning criterion was reached when each group of rats achieved an accuracy level of 80% or greater on average (one or fewer errors) for two consecutive sessions (McDonald & White, 1993) .
Attentional set-shifting task. The cross maze version of the attentional set-shifting task as described by Floresco et al. (2006) was adapted for use in the radial-arm maze. On the day preceding the start of habituation training, rats were fed 30 45-mg chocolateflavored food pellets in their home cages. Habituation training was used to acclimate rats to the maze, which was configured in the shape of a cross. Access to diagonally positioned arms was blocked. Habituation began with 5 food pellets placed into each of the four maze arms; 3 pellets were located down the length of the arm and 2 were located in the food well. Rats were then placed in the central hub from which they had to transverse each of the four arms and consume the 5 pellets in each arm within 15 min. Rats that did not meet this criterion were tested again with 20 pellets the following day before proceeding to the next phase of habituation training. Rats that consumed all 20 pellets within 15 min were retested immediately after rebaiting each arm with 3 pellets. Once this criterion was reached, the maze arms were baited on the following day with 3 pellets, 1 in the center of the arm and 2 in the food well. Arms were not rebaited if the task was completed in less than 15 min. After this criterion was met, additional habituation to the maze continued by training rats to obtain a single pellet in the food well of each of the four maze arms four times, until the 16 reinforcers were obtained within 15 min.
After reaching this last criterion, the turn bias for each rat was established by recording the initial direction, left or right, chosen most frequently during seven consecutive trials. To establish the turn bias, a T-configuration for the maze was used and rats were pseudorandomly started from different stem arms (south, north, east, or west). The food well of each choice arm was baited with a single pellet, and the visual cue (a 58-cm ϫ 10-cm laminated panel consisting of alternating black and white stripes) was randomly placed on the left wall of one of the choice arms before each trial. Although only the initial turn into the arm was recorded, a trial was not complete until the animal explored both arms and consumed the two pellets.
After establishing the turn bias for each rat, the attentional set-shifting task was initiated. For the first phase of the task, half the rats began with the response discrimination, and the other half began with the visual cue discrimination. The response discrimination required the rat to always turn in a direction opposite to its turn bias to retrieve a food pellet, regardless of the position of the pseudorandomly selected stem arm (east, west, or south) or the placement of the visual cue. The visual cue discrimination required the rat to always turn into the arm containing the visual cue to retrieve a food pellet, regardless of the position of the pseudorandomly selected stem arm (east, west, or south) or the rat's turn bias. For each type of discrimination, the visual cue was randomly placed into one of the choice arms such that across each consec-utive set of 12 trials the visual cue was in each choice arm an equivalent number of times. Between each trial, the rat was placed into its home cage. The intertrial interval was 15 s. Once the rat reached a criterion of 10 consecutive correct reinforced trials, a probe trial was conducted to test whether the animal was able to maintain the discrimination strategy. For the probe trial, the rat was started from the less familiar stem arm (north) and had to choose the correct strategy to advance to the extradimensional set-shifting trials conducted the following day. There was no limit to the number of probe trials. If an animal made an incorrect choice on the probe trial, the discrimination trials continued until it was able to reach criterion of five consecutive correct reinforced choices. At that point, another probe trial was attempted. After choosing the correct strategy on the probe trial, discrimination training was complete, and trials to criterion (total number of trials to achieve a successful probe trial; Floresco et al., 2006) were recorded.
For the second phase of the task involving an extradimensional set-shift, rats trained on the response discrimination were now required to learn the visual cue discrimination, and vice versa for the rats initially trained on the visual cue discrimination. Sessions were conducted and trials to criterion were assessed as described above.
Experimental Procedures
Experiment 1 strain comparison. Three groups of rats, WKY (n ϭ 8), SHR (n ϭ 8), and WKHT (n ϭ 8), were first pretrained to dig for a hidden Froot Loop and then trained in the odor-delayed win-shift task. All rats were given 20 sessions (training phase and test phase). Measures collected from each session included percentage accuracy during the training and test phases, number of working memory errors during the training and test phases (repeat digging in baited sand cups; Galea et al., 2001 ), number of reference memory errors during the test phase (digging in nonbaited sand cups; Galea et al., 2001) , and session latency. Four weeks separated the end of the odor-delayed win-shift task and the beginning of the win-stay task. For the win-stay task, all rats were first pretrained to traverse a maze arm to retrieve food pellets and then trained in the task for 34 sessions. Measures collected from sessions included percentage accuracy, number of errors, and session latency. More sessions were conducted for the win-stay task than for the odor-delayed win-shift task because rats are slower to acquire tasks based on stimulus-response learning than those based on stimulus-stimulus learning (McDonald & White, 1993) . In agreement with this, we previously demonstrated that outbred Wistar strain rats learned the odor-delayed win-shift task to criterion in fewer than 20 sessions Kantak et al., 2005) , whereas they required close to 30 sessions to learn the win-stay task to criterion (Kantak et al., 2001; Udo, Ugalde, Di Pietro, Eichenbaum, & Kantak, 2004) .
Experiment 2 methylphenidate treatment. Two new groups of rats, WKY (n ϭ 8) and SHR (n ϭ 8), were used in Experiment 2. Beginning 1 week before the start of the odor-delayed win-shift and win-stay tasks, the WKY rats were treated daily (MondayFriday) with vehicle and the SHR rats were treated daily (Monday-Friday) with methylphenidate. D-methylphenidate hydrochloride (Sigma, St. Louis, MO) was first dissolved in tap water (1.5 mg/ml) and injected into an oyster cracker (Nabisco/Kraft Foods, Hanover, NJ) at a dose of 1.5 mg/kg. Tap water was used as the vehicle control. The time to consume the oyster cracker was recorded for each rat. When the tasks were initiated, oyster crackers containing either water or 1.5 mg/kg methylphenidate were fed to the WKY or SHR strain rats, respectively, 30 min before the start of the sessions. Rats were first pretrained and then trained in the odor-delayed win-shift task for 20 sessions, followed by pretraining and training in the win-stay task for 34 sessions. Two weeks separated the end of the first task and the beginning of the second task. During the first of the interim 2 weeks between tasks, methylphenidate or vehicle treatment was discontinued, and it was resumed again at the start of the 2nd week. The same measures as described for Experiment 1 were collected.
Following completion of the win-stay task, methylphenidate and vehicle treatments were discontinued for 4 weeks. Subsequent to this, the WKY and SHR strain rats were each randomly subdivided into two groups (n ϭ 4), and each group underwent habituation training and turn bias assessment for the attentional set-shifting task. Trials to criterion and errors to criterion for the initial discrimination were obtained in a single daily session for each rat without methylphenidate or vehicle pretreatment to assess baseline performance in each group. Two rats from each group received the response discrimination first, and the other 2 rats from each group received the visual cue discrimination first to counterbalance order of task presentation. Thirty min before extradimensional shift trials conducted the following day (response discrimination 3 visual cue discrimination or visual cue discrimination 3 response discrimination), one group from each strain was fed an oyster cracker containing 1.5 mg/kg methylphenidate and the other group from each strain was fed an oyster cracker containing vehicle. Trials to criterion and errors to criterion for the extradimensional shift were obtained in a single daily session for each rat. In addition, error types during extradimensional shift testing were recorded and consisted of regressive errors (errors scored when there were fewer than three errors in a block of four trials), perseverative errors (errors scored when there were three or more errors in a block of four trials), and never-reinforced errors (errors scored when an incorrect arm was entered on trials in which the visual cue was placed in the same arm that the rat had been trained to enter during the initial discrimination). Regressive and never-reinforced errors provide an index of ability to maintain an attentional set, and perseverative errors provide an index of behavioral flexibility .
Data analyses. The number of sessions to reach the group learning criterion was calculated for the odor-delayed win-shift and win-stay tasks in each experiment. For the odor-delayed winshift task, the cumulative number of working memory and reference memory errors and the average session latency over the 20 training phase and test phase sessions were additionally calculated for individual subjects. For the win-stay task, the cumulative number of errors and average session latency over the 34 sessions were additionally calculated for individual subjects. Group data were analyzed either with a one-factor ANOVA (Experiment 1) or with t tests for independent samples (Experiment 2). For each phase of the attentional set-shifting task, trials to criterion and total errors to criterion were each analyzed by separate two-factor (Strain ϫ Group or Strain ϫ Treatment) ANOVAs. A one-factor ANOVA was used to assess between-groups differences for each of the three types of errors recorded. Where appropriate, post hoc comparisons were performed using Tukey's Honestly Significant Difference test.
Results
Experiment 1 Strain Comparisons
Odor-delayed win-shift task. Before initiating the odordelayed win-shift task, all rats in Experiment 1 were proficient at repeatedly digging in a sand cup for a hidden Froot Loop. The latencies to dig averaged 17.0 Ϯ 4.9 s (WKY), 18.9 Ϯ 4.8 s (WKHT), and 13.8 Ϯ 2.4 s (SHR) across the eight trials on the last day of pretraining. These strain differences were not statistically significant. These data indicate that the learning deficits in the SHR described below were not due to a reduced motivation level in this strain to dig for and retrieve Froot Loops relative to the WKY or WKHT strains.
During the training phase, a time when task demands are relatively easy (rats must discriminate among four odors in four arms, and keep online the memory for the odors for which the reinforcer was already retrieved), the WKY, WKHT, and SHR strains showed similar nonspatial working memory skill. The three strains reached the group learning criterion (Ն80% accuracy on average for 2 consecutive sessions) in 7-10 sessions (Figure 1, top) . Once criterion was reached during the training phase, performance accuracy remained above 80% through Session 20 for each strain (gray symbols in Figure 1, top ). An analysis of performances over the entire task revealed that the three strains did not statistically differ in the cumulative number of working memory errors made over the 20 training sessions (Figure 2 , bottom left). The average session latencies were not statistically different among the three strains during the training phase (Figure 2, top left) .
During the test phase, a time when task demands are relatively difficult (rats must discriminate among eight odors in eight arms, and keep online the memory for the four previously reinforced odors over a 5-min delay as well as keep online the memory for the new odors for which the reinforcer was already retrieved), the SHR strain showed poor nonspatial working memory skill relative to the WKY and WKHT strains. The WKY and WKHT strains reached the group learning criterion (Ն80% accuracy on average for 2 consecutive sessions) in 18 -19 sessions, whereas the SHR strain did not reach criterion levels within the 20 test sessions (Figure 1 , bottom). Once criterion was reached during the test phase, performance accuracy remained above 80% through Session 20 for the WKY and WKHT strains (gray symbols in Figure 1, bottom ). An analysis of performances over the entire task revealed that the main effect for strain was statistically significant for the cumulative number of working memory errors made (Figure 2 Win-stay task. Before initiating the win-stay task, all rats in Experiment 1 were proficient at repeatedly entering a maze arm from the central hub and retrieving a 45-mg chocolate-flavored food pellet from the distal end. The latencies to traverse the arm and recover a food pellet averaged 24.2 Ϯ 3.0 s (WKY), 19.6 Ϯ 3.2 s (WKHT), and 10.2 Ϯ 1.0 s (SHR) across the four trials on the last day of pretraining. These strain differences, however, were significant, F(2, 21) ϭ 7.35, p Յ .004. On the basis of post hoc Tukey analysis, the SHR strain traversed the arm significantly faster than the WKY strain ( p Յ .003) and the WKHT strain ( p Յ .05). These data indicate that the learning deficits in the SHR strain described below were not due to a reduced motivation level in this strain for traversing arms to retrieve reinforcers relative to the WKY or WKHT strains.
Relative to the WKY and WKHT strains, the SHR strain performed poorly in the stimulus-response habit learning task. WKY and WKHT strains reached the group learning criterion (Ն80% accuracy on average for 2 consecutive sessions) in 26 -28 sessions, whereas the SHR strain did not reach criterion levels within the 34 sessions conducted (see Figure 3) . However, once criterion was reached, performance accuracy fell below 80% for 2 out of 8 sessions for the WKY strain and for 3 out of 10 sessions for the WKHT strain (gray symbols in Figure 3 ). An analysis of performances over the entire task revealed that the main effect for strain was significant for the cumulative number of errors made over the 34 sessions (Figure 4 , bottom), F(2, 21) ϭ 15.7, p Յ .001. On the basis of post hoc Tukey analysis, the SHR strain made significantly more errors than the WKY ( p Յ .05) or WKHT ( p Յ .001) strains, and the WKHT strain made significantly fewer errors than the WKY strain on the win-stay task ( p Յ .006). The average session latencies were also significantly different among the three strains (Figure 4 , top), F(2, 21) ϭ 14.2, p Յ .006. On the basis of post hoc Tukey analysis, the SHR ( p Յ .001) and WKHT ( p Յ .001) strains completed their sessions significantly faster than the WKY strain.
Experiment 2 Methylphenidate Treatment
Odor-delayed win-shift task. Before initiating the odordelayed win-shift task, all rats were proficient at repeatedly digging in a sand cup for a hidden Froot Loop. The latencies to dig averaged 14.4 Ϯ 2.1 s (vehicle-treated WKY) and 9.6 Ϯ 3.2 s (methylphenidate-treated SHR) across the eight trials on the last day of pretraining. This strain-treatment difference was not statistically significant. Thus, methylphenidate treatment did not influence the motivation level to dig for and retrieve Froot Loops. Similarly, before task initiation all rats were proficient at consuming a vehicle-containing or a methylphenidate-containing oyster cracker. The latencies to fully consume an oyster cracker averaged 126 Ϯ 11.4 s (vehicle-treated WKY) and 125 Ϯ 12.6 s (methylphenidate-treated SHR), with no statistically significant differences between the two strains. Thus, the time between drug or vehicle consumption and the beginning of the task sessions was similar in the two stains for the behavioral measures described below.
During the training phase (relatively easy task demands), the vehicle-treated WKY and methylphenidate-treated SHR strains showed similar nonspatial working memory skill. The two strains reached the group learning criterion (Ն80% accuracy on average for 2 consecutive sessions) in 10 -12 sessions (Figure 5, top) . Once criterion was reached during the training phase, performance accuracy remained above 80% through Session 20 for each strain (gray symbols in Figure 5, top ). An analysis of performances over the entire task revealed that the two strains did not statistically differ in the cumulative number of working memory errors made over the 20 training sessions (Figure 6 , bottom left). The average session latency was significantly different, t(14) ϭ 4.71, p Յ .001, with the methylphenidate-treated SHR strain completing training phase sessions faster than the vehicle-treated WKY strain (Figure 6 , top left). During the test phase (relatively difficult task demands), the methylphenidate-treated SHR and vehicle-treated WKY strains also showed similar nonspatial working memory skill. The two strains reached the group learning criterion (Ն80% accuracy on average for 2 consecutive sessions) in 14 -15 sessions (Figure 5 , bottom). Once criterion was reached during the test phase, performance accuracy fell below 80% only for the methylphenidatetreated SHR strain for 2 out of 8 sessions (gray symbols in Figure 5 , bottom). An analysis of performances over the entire task revealed that there were no statistically significant strain-treatment differences in the cumulative number of working memory errors or reference memory errors made over the 20 test phase sessions ( Figure 6 , middle and bottom right). The average session latencies, however, were significantly different between the two strains during the test phase, t(14) ϭ 3.23, p Յ .006, with the methylphenidate-treated SHR strain completing the test phase sessions faster than the vehicle-treated WKY strain ( Figure 6 , top right).
Sessions to Criterion During Test Phase
Win-stay task. Before initiating the win-stay task, all rats were proficient at repeatedly entering a maze arm from the central hub and retrieving a 45-mg chocolate-flavored food pellet from the distal end. The latencies to traverse the arm and recover a food pellet averaged 22.9 Ϯ 4.5 s (vehicle-treated WKY) and 12.7 Ϯ 3.2 s (methylphenidate-treated SHR) across the four trials on the last day of pretraining. This strain-treatment difference was not statistically significant. Thus, methylphenidate treatment did not influence the motivation level to traverse maze arms to retrieve food pellets.
The vehicle-treated WKY and methylphenidate-treated SHR strains showed similar stimulus-response habit learning skill. Both strains reached the group learning criterion (Ն80% accuracy on average for 2 consecutive sessions) in 31-34 sessions (see Figure  7) . Once criterion was reached, performance accuracy fell below 80% only for the methylphenidate-treated SHR strain for 1 out of 5 sessions (gray symbols in Figure 5 , top). An analysis of performances over the entire task revealed that there were no statistically significant strain-treatment differences in the cumulative number of errors made over the 34 sessions (Figure 8, bottom) . The average session latencies, however, were significantly different between the two strains, t(14) ϭ 4.38, p Յ .001, with the methylphenidate-treated SHR strain completing the sessions faster than the vehicle-treated WKY strain (Figure 8, top) .
Attentional set-shifting task. The latencies to complete all habituation trials before establishing the turn bias averaged 1,479.5 Ϯ 634.2 s (WKY Group 1), 1,241 Ϯ 495.4 s (WKY Group 2), 350.3 Ϯ 43.4 s (SHR Group 1), and 336.8 Ϯ 30.4 s (SHR Group 2). The main effect of strain was significant, F(1, 12) ϭ 6.4, p Յ .03, demonstrating that both SHR groups completed the habituation trials faster than both WKY groups. The main effect of group assignment and its interaction with strain were not statistically significant. These data indicate that the deficits in the SHR described below were not due to a reduced motivation level in this strain for locating and consuming food pellets in the maze relative to the WKY strain. Before extradimensional set-shifting trials, rats from each strain were proficient at consuming a vehicle-containing or a methylphenidate-containing oyster cracker. The latencies to fully consume an oyster cracker averaged 80 Ϯ 4.5 s (vehicletreated WKY), 97.5 Ϯ 4.8 s (methylphenidate-treated WKY), 90.8 Ϯ 10.1 s (vehicle-treated SHR), and 84.0 Ϯ 11.3 s (methylphenidate-treated SHR). These strain and treatment differences were not statistically significant. Thus, the time between drug or vehicle consumption and the beginning of extradimensional set-shift trials was similar in the four groups for the behavioral measures described below. During the initial discrimination when all rats were untreated, the SHR strain showed deficits relative to the WKY strain. Both SHR groups required significantly more trials, F(1, 12) ϭ 11.3, p Յ .01, and made significantly more errors, F(1, 12) ϭ 11.8, p Յ .01, to reach criterion than both WKY groups (Figure 9, left) . The lack of significant differences because of group assignment or its interaction with strain indicates that the performances of the two WKY groups were similar and the performances of the two SHR groups were similar during the initial discrimination task. After criterion was reached, each rat required only one probe trial, except for one SHR that required two probe trials, indicating that once the initial discrimination was learned, both WKY and SHR strain rats were able to maintain the behavioral strategy.
During extradimensional set-shift testing, only the vehicletreated SHR showed deficits relative to all other groups (Figure 9 , right). There was a significant Strain ϫ Treatment interaction for the number of trials to reach criterion, F(1, 12) ϭ 4.5, p Յ .05, and the number of errors made before reaching criterion, F(1, 12) ϭ 4.4, p Յ .05. Post hoc testing indicated that the vehicle-treated SHR strain required more trials ( p Յ .02) and made more errors ( p Յ .002) to reach criterion compared with the vehicle-and methylphenidate-treated WKY strain or with the methylphenidatetreated SHR strain. The performances in these latter three groups did not significantly differ from each other. Analysis of error types (see Figure 10 ) revealed significant differences among the groups for regressive errors, F(3, 12) ϭ 9.5, p Յ .002, and neverreinforced errors, F(3, 12) ϭ 5.8, p Յ .01, and perseverative errors did not statistically differ. Post hoc testing revealed that the vehicle-treated SHR strain made significantly more regressive errors ( p Յ .01) and never-reinforced errors ( p Յ .05) than the vehicle-and methylphenidate-treated WKY strain or the methylphenidate-treated SHR strain, which did not differ from each other. After criterion was reached, all rats required only one probe trial, indicating that once the new discrimination was learned, both methylphenidate-and vehicle-treated WKY and SHR strain rats were able to maintain the behavioral strategy.
Discussion
Past research has challenged the appropriateness of using the SHR strain to model ADHD and of using the WKY strain as the comparator group (Paule et al., 2000, for review) . When compared with other rat strains commonly used in laboratory tests of locomotor activity, the SHR is not a particularly hyperactive strain (Sagvolden, Pettersen, & Larsen, 1993) . The reported differences in the level of locomotor activity between the SHR and the WKY strains (Sagvolden, Hendley, & Knardahl, 1992) are likely a consequence of the WKY being a markedly hypoactive strain (Drolet, Proulx, Pearson, Rochford, & Deschepper, 2002; McCarty, 1983; Pare & Kluczynski, 1997; Tilson, Chamberlain, Gylys, & Buyniski, 1977) . The results of the present study suggest that the SHR is an appropriate rat strain for modeling neurocognitive deficits associated with ADHD and that the WKY is an appropriate control strain to compare with the SHR when neurocognitive endpoints are evaluated.
Relative to the WKY and WKHT strains in Experiment 1, the SHR strain made significantly more nonspatial working memory errors (a frontal lobe function) and habit-learning errors (a dorsal striatal function), but not reference memory errors (a medial temporal lobe function). It is important to note that frontostriatal memory systems are dysfunctional in individuals with ADHD (Castellanos et al., 2002; Kaya et al., 2002; Rubia et al., 1999; Schultz et al., 2005; Spinella, 2004) , whereas the declarative memory functions of the medial temporal lobe are not (Burden & Mitchell, 2005) . Moreover, the increase in nonspatial working memory errors in the SHR strain was detected when the task demands were relatively difficult, but not when they were easy, which is an outcome consistent with the clinical literature showing that working memory deficits become more apparent in individuals with ADHD when task demands increase (Martinussen et al., 2005) . Earlier investigations examining spatial working memory or attention found similar results, in that the SHR strain performed more poorly than the WKY strain as task demands increased (De Bruin et al., 2003; Jentsch, 2005) . Although some investigators have not found differences between the SHR and WKY strains in attentional and spatial working memory tasks (Clements & Wainwright, 2006; van den Bergh et al., 2006) , it is possible that these studies used task requirements that were too easy or too difficult, Figure 6 . Effects of daily treatment with oral methylphenidate (1.5 mg/kg) on session latency (in seconds, averaged for 20 sessions), working memory errors (cumulative total for 20 sessions), and reference memory errors (cumulative total for 20 sessions) during the training (left panels) and test (right panels) phases of the odor-delayed win-shift task. Values are M Ϯ SEM in vehicle-treated Wistar-Kyoto (WKY/VEH) and methylphenidate-treated spontaneous hypertensive rat (SHR/MPH) strains.
* p Յ .05 compared with the WKY strain.
or used criterion accuracy levels that were set too low, to detect strain differences. In the present study, the degree of task difficulty and the learning criterion used for the maze tasks were sufficient to detect stain differences.
The SHR strain did improve performance over time during the test phase of the odor-delayed win-shift task and during the winstay task in Experiment 1, and it is likely that as a group the SHR strain would eventually have reached the a priori learning criterion, but would have taken additional sessions to do so. Notably, once the WKY and WKHT control strains reached criterion, there was a strong tendency for performance to remain above 80% accuracy in subsequent sessions during the odor-delayed win-shift task, but not during the win-stay task, suggesting that the latter task is relatively more difficult than the former task, even for control strains. Compared with performances of outbred Wistar strain rats Kantak et al., 2001) , the WKY strain in Experiment 1 performed similarly in the odor-delayed win-shift and win-stay tasks. In these past studies, Wistar strain rats reached the 80% criterion level of accuracy within 14 sessions during the test phase of the odor-delayed win-shift task (with an average session latency of 216 Ϯ 15.6 s) and within 24 sessions during the win-stay task (with an average session latency of 151 Ϯ 12.8 s). The similar performances on each task in the WKY and Wistar strains suggest that when neurocognitive endpoints are evaluated, the WKY is an appropriate control strain with which to compare performances with the SHR. In addition, the findings from Experiment 1 suggest that there is a lack of association between neurocognitive deficits and hypertension, as the WKHT strain also performed similarly to the WKY and Wistar strains on both tasks. Thus, it is likely that the deficits in the SHR strain are a consequence of altered neurobiological functioning similar to ADHD (Russell et al., 1995) rather than solely a consequence of hypertension.
The results from Experiment 2 suggest that the SHR is an appropriate rat strain for novel medication development that targets ADHD-related neurocognitive deficits. A clinically relevant dose (1.5 mg/kg), route (po), and pretreatment time (30 min) for methylphenidate (Kuczenski & Segal, 2002) eliminated strain differences in the odor-delayed win-shift and win-stay tasks that were observed in the SHR relative to the WKY in the first experiment. A shortcoming of these tasks in Experiment 2 is that a fully parameterized design was not used to disambiguate main effects of strain and treatment and their potential interaction. Although the attentional set-shifting task in Experiment 2 used a fully parameterized design and addresses this issue, this alone does not fully mitigate the above concern because methylphenidate may alter dissimilar tasks differently. Nonetheless, both groups of SHR were impaired in acquiring the initial discrimination, establishing that there were attentional deficits in the SHR strain when untreated and that there were no carry-over effects of prior methylphenidate exposure on facilitating attention. The ability to switch attentional sets the next day improved to levels measured in the WKY strain only for the group of SHR receiving 1.5 mg/kg oral methylphenidate. These data parallel findings from placebo-controlled crossover studies showing that symptoms of ADHD reemerge soon after methylphenidate treatment is discontinued and dissipate soon after methylphenidate treatment is reinitiated (Swanson et al., 2004; Tucha et al., 2006) . An analysis of error types in the attentional set-shifting task revealed that the vehicle-treated SHR strain had greater numbers of regressive and never-reinforced errors, whose combination is used as an index of the animal's ability to maintain an extradimensional attentional set (Ragozzino, 2002; Floresco et al., 2006) . Methylphenidate-treated SHRs had lower numbers of these error types, comparable to numbers measured in the WKY rats. These findings are consistent with clinical work showing an improvement in maintaining an extradimensional attentional set after methylphenidate treatment in individuals with ADHD (Mehta, Goodyer, & Sahakian, 2004) . One aspect of extradimensional set-shifting behavior that was not different between methylphenidate-and vehicle-treated SHR and WKY strains was the number of perseverative errors, which is used as an index of behavioral flexibility Ragozzino, 2002) . Notably, individuals with ADHD do not make greater numbers of perseverative errors than do controls in laboratory tests of behavioral flexibility involving an extradimensional set-shift (Grodzinsky & Barkley, 1999; Scheres et al., 2004) . Overall, the results suggest that deficits occurring during extradimensional set-shift testing in the SHR are related to inattention in this strain and that methylphenidate treatment eliminates strain differences in attentional capacity. These findings extend previous reports indicating that stimulant (methylphenidate) and nonstimulant (guanfacine) ADHD treatment medications prevent attentional deficits and impulsivity in the SHR (Adriani & Laviola, 2004; Aspide et al., 2000; Sagvolden, 2006; Sagvolden, Metzger, et al., 1992; Ueno et al., 2003 ; but also see Bizot et al., 2007 , in which impulsivity in the SHR was not reversed with methylphenidate, and Jentsch, 2005 , in which attentional deficits in the SHR were not reversed with guanfacine).
There are several additional issues from these experiments that warrant comment. First, there was better performance in the odordelayed win-shift task and poorer performance in the win-stay task for Experiment 2 relative to Experiment 1 by the WKY control strain. Obtaining different rates of learning and performances in control rats for identical tasks in different studies from a given lab is not unusual. For example, studies from the White lab (McDonald & White, 1993; Packard et al., 1989) have reported winstay acquisition rates ranging from 22 to 30 sessions in control rats in different studies. In studies from the Floresco lab (Galea et al., 2001; Sinopoli, Floresco, & Galea, 2006) , acquisition of a delayed win-shift task has ranged from 12 to 15 sessions in control rats in different studies. Regarding attentional set shifting in a cross maze from the Floresco lab , trials to criterion ranged from 40 to 70 in control rats in different studies. Assessments of rats by different lab personnel during different experiments, as occurred herein, or differences in early handling or housing before shipping may be contributing factors to the varying baselines observed. This underscores the importance of evaluating all strains of interest at the same time in any given experiment. It should be noted that although performances in like tasks did vary in the WKY strain between Experiments 1 and 2, the cumulative number of working memory errors made during the test phase of the odor-delayed win-shift task remain significantly greater in the untreated SHR strain whether compared with the WKY control from Experiment 1 ( p Յ .02) or from Experiment 2 ( p Յ .03). This indicates that there is a consistent difference between the SHR and WKY strains for nonspatial working memory errors, making odor-delayed win-shift a reliable task for modeling ADHD symptoms in SHR rats. A similar conclusion regarding task reliability can be drawn for the attentional set-shifting task in which two separate groups of untreated WKY rats performed better than two separate groups of untreated SHR rats during the initial discrimination, with no differences within each strain. The consistency of a strain difference from Experiment 1 to Experiment 2 is less robust for the win-stay task. The cumulative number of errors made during the win-stay task were significantly greater in the untreated SHR strain compared with the WKY control from Experiment 1 ( p Յ .04), but not from Experiment 2 ( p Յ .13). This may be related in part to the greater difficulty rats have in learning and maintaining accurate performance in the win-stay task relative to other maze tasks (see above and Kantak et al., 2001; McDonald & White, 1993; Udo et al., 2004) . The high degree of variability in learning the win-stay task from experiment to experiment suggests that it is a less reliable task for modeling ADHD symptoms in SHR rats. A second comment is that in Experiment 1, both the SHR and WKHT strains completed the win-stay sessions significantly faster than the WKY strain; in Experiment 2, the methylphenidatetreated SHR rats completed win-stay and odor-delayed win-shift sessions significantly faster than did the vehicle-treated WKY rats. These findings suggest that rapidly navigating the maze during learning and memory tasks does not necessarily contribute to making more errors, but may be related to hypertension or some other common trait characteristic in the SHR and WKHT strains. Methylphenidate would not be expected to reverse a behavior related to hypertension, as methylphenidate itself has hypertensive and other cardiovascular effects (Brown & Sexson, 1989; Wilens et al., 2005) .
A third comment relates to the fact that the magnitude of strain differences in cumulative errors was relatively small. Examination of the task acquisition curves helps explain this expected outcome. Rats from each strain performed poorly during the early sessions of each task. The different strains tended to improve in a like manner until approximately Session 15 for the test phase of the odor-delayed win-shift task and Session 25 for the win-stay task, at which point performance between strains began to diverge for the majority of subsequent sessions. The cumulative number of errors thus includes errors made during sessions in which performance mainly overlapped between strains and in which performance mainly diverged between strains, with the latter representing a smaller proportion of the total number of sessions conducted. . Number of trials to criterion and total number of errors to criterion during the initial discrimination phase of the attentional set-shifting task in untreated Wistar-Kyoto (WKY-1 and WKY-2) and spontaneous hypertensive rat (SHR-1 and SHR-2) strains and during the extradimensional shift phase of the attentional set-shifting task in vehicle-treated strains (WKY/VEH and SHR/VEH) and 1.5-mg/kg oral methylphenidatetreated strains (WKY/MPH and SHR/MPH). Values are M Ϯ SEM.
* p Յ .01 compared with the untreated WKY groups; #p Յ .02 compared with all other groups.
Despite the relatively small strain differences resulting from this type of analysis, using this dependent measure provides a more balanced evaluation of performance over time than arbitrarily selecting sessions on a post hoc basis to compare performance between strains. Using cumulative errors as the main dependent measure also takes into consideration any variability in performance measured from session to session in individual animals.
A fourth comment pertains to the utility of the SHR strain for drug-screening purposes for ADHD medication development. A question arises as to whether the use of rat strains other than the SHR is equally advantageous. For example, improvement in spatial working memory is consistently observed after treatment with clinically relevant doses of methylphenidate in outbred rat strains (Arnsten & Dudley, 2005; Berridge et al., 2006) . In tests of attention in a variety of outbred rat strains, methylphenidate was either ineffective (Blondeau & Dellu-Hagedorn, 2007; Navarra et al., 2008; van den Bergh et al., 2006) or produced a small improvement after a dose of 0.5 mg/kg (Berridge et al., 2006; Paine, Tomasiewicz, Zhang, & Carlezon, 2007) . Along these lines, there was a tendency for treatment with 1.5 mg/kg oral methylphenidate in the WKY control strain to improve attentional performance relative to the vehicle-treated WKY control strain in the present study, but this difference was not statistically significant. Likewise, in a variety of tests for impulsivity in outbred rat strains, treatment with methylphenidate failed to reduce impulsive responding (Navarra et al., 2008; Paine et al., 2007; Puumala et al., 1996) unless adult rats preselected for inattention and impulsivity (Blondeau & Dellu-Hagedorn, 2007) or adolescent rats (Adriani, Canese, Podo, & Laviola, 2007) were tested. These findings suggest that a model in which animals show naturally occurring deficits, such as those observed in the SHR strain, would have greater predictive and face validity for novel medication development because beneficial actions of medications would be detected in a greater range of ADHD-relevant tasks.
To conclude, results of the present study and those of many others (cf. Sagvolden et al., 2005 , for lead articles) provide compelling evidence that the SHR strain is a valid tool for modeling neurocognitive deficits associated with ADHD. The neurocognitive deficits associated with frontostriatal circuitry that were revealed here in the SHR strain were not related solely to hypertension and were not manifested as a result of abnormal performances in the WKY control strain. The observation that treatment with methylphenidate at a clinically relevant dose, route, and pretreatment time eliminated strain differences suggests that the current behavioral approach meets many of the criteria necessary in a model that is appropriate for development of novel medications that target neurocognitive deficits relevant to ADHD (Solanto, 2000) . Furthermore, as suggested by Alsop (2007) , an appropriate animal model of ADHD allows investigators to study the biological basis of this disorder in ways that are impossible with human participants.
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